LEA (late embryogenesis abundant) proteins were originally described almost 30 years ago as accumulating late in plant seed development. They were later found to be induced in vegetative plant tissues under environmental stress conditions and also in desiccation-tolerant micro-organisms and invertebrates. Although they are widely assumed to play crucial roles in cellular dehydration tolerance, their physiological and biochemical functions are largely unknown. Most LEA proteins are predicted to be intrinsically disordered and this has been experimentally verified in several cases. In addition, some LEA proteins partially fold, mainly into α-helices, during drying or in the presence of membranes. Recent studies have concentrated on the potential roles of LEA proteins in stabilizing membranes or sensitive enzymes during freezing or drying, and the present review concentrates on these two possible functions of LEA proteins in cellular dehydration tolerance.
Introduction
LEA (late embryogenesis abundant) proteins were first described about 30 years ago to accumulate late in cotton seed development, when the embryo becomes desiccation-tolerant [1] . Related proteins were later found in seeds of other plant species and in vegetative plant organs, mostly under abiotic stress conditions resulting in cellular dehydration (see [2, 3] for reviews). However, LEA proteins are not plant-specific. Closely related proteins have also been found in bacteria, cyanobacteria and some invertebrates [2, 4] . The presence of LEA proteins has frequently been associated with cellular dehydration tolerance, induced, e.g., by freezing, high salinity or drying. In extreme cases, organisms can even survive a complete loss of water (anhydrobiosis; see [5] for a review).
Most LEA proteins show a biased amino acid composition, resulting in high hydrophilicity, similar to 'hydrophilins' [6] . There is indeed substantial overlap between proteins classified as hydrophilins or LEA proteins. A distinguishing feature of hydrophilins, however, is a high glycine content and therefore not all LEA proteins are included in the hydrophilins and instead non-LEA proteins are members of this group. The functional significance of membership in either or both of these groups is unclear, but it has recently been shown that some non-LEA hydrophilins are essential for yeast desiccation-tolerance [7, 8] .
According to the appearance of different sequence motifs, plant LEA proteins have been separated into different groups, but the groupings and the nomenclature of the groups have not been consistent in the literature (see [2] for a recent review). An overview of the various classification systems and the underlying sequence motifs can be found at the LEA protein database (http://forge.info.univ-angers.fr/∼gh/ Leadb/index.php?action=0&mode=0) that has recently been established [9] and that currently lists 736 entries.
In the model plant Arabidopsis thaliana, 51 LEA proteins have been identified that were separated into nine different groups based on amino acid sequence analysis [10, 11] . The largest and most widely studied of these is the Pfam LEA_4 family, members of which have also been found in non-plant organisms. Another group that has been studied extensively is the dehydrins, which are plant-specific. Nevertheless, of the many LEA proteins identified in plants and other organisms, mainly on the basis of cDNA sequences, only a small minority has been functionally and structurally characterized to date.
Most LEA proteins are predicted to be IDPs (intrinsically disordered proteins) in the fully hydrated state and may function as disordered proteins. Alternatively, they may acquire structure during partial or complete dehydration as brought about by freezing or drying. There are several examples in the literature of animal and plant LEA proteins that are unstructured in the hydrated state, but (partially) fold into mainly α-helical structures during drying [2, 4] . We have recently published secondary-structure determinations by CD spectroscopy of eight recombinant Arabidopsis LEA proteins belonging to the Pfam families LEA_4 [12, 13] , and LEA_5 and LEA_6 [14] . For a better overview, we have assembled these data in Figure 1 . All eight proteins are indeed IDPs under fully hydrated conditions, being approximately 60-80 % unstructured. Although the degree of unstructuredness is strongly reduced in all proteins in the dry state, the degree of α-helicity is quite variable. For example, LEA23 and LEA24 (also known as COR15A and Secondary structure was determined by CD spectroscopy as described previously for LEA7 [12] , LEA23 and LEA24 [13] , and LEA20, LEA35, LEA15, LEA16 and LEA17 [14] .
COR15B [11, 13] ) are 60-70 % α-helical in the dry state, whereas all LEA_6 proteins only show approximately 20 % α-helicity. Interestingly, the secondary-structure content of some of these proteins (e.g. LEA7, LEA23 and LEA24) in the dry state was accurately predicted from the amino acid sequences by structure prediction programs such as SOPMA [15] , although this was not possible for others. The reason for these discrepancies is currently not known [14] . In several cases, computational analysis has indicated that LEA proteins may form amphipathic class A α-helices (e.g. [12, 13, 16] ), a motif originally described in apolipoproteins that strongly interact with membranes [17] . The potential significance of this structural feature in LEA proteins is discussed below.
LEA protein folding during drying could be functionally important in anhydrobiotic organisms or dry viable seeds. However, many plant LEA proteins accumulate in vegetative organs under mild stress conditions and thus the functional relevance of the observed folding in the dry state under only partially dehydrated conditions encountered, e.g. during mild freezing, is doubtful. For three cold-induced Arabidopsis dehydrins (COR47, LTI29 and LTI30), it has been shown that simulated crowding did not induce folding [18] . The authors therefore suggested that dehydrins probably function as unstructured proteins. Potential target molecules of these LEA proteins remain unknown, although the ability of LTI30 to bind membranes in vitro has been shown recently [19] . However, the secondary structure of the protein in the presence of membranes was not investigated. Therefore induced folding during target binding, which has been shown for other IDPs [20] , remains a possibility.
Several possible activities of LEA proteins, such as binding to RNA or DNA, water or ion binding, antioxidative activity or sugar glass stabilization in the dry state have occasionally been described [2, 3] . There is, however, good evidence that some LEA proteins can stabilize membranes during freezing and desiccation and an influence of membranes on LEA protein structure has indeed been shown in a few cases. Another function that has been described for several LEA proteins is the stabilization of enzymes under these stress conditions. The remaining part of the present review is therefore devoted to these two well-studied activities of LEA proteins.
Protection of enzymes by LEA proteins during drying and freezing
LEA proteins from various plant and invertebrate sources can preserve the activity of isolated enzymes such as CS (citrate synthase) and LDH (lactate dehydrogenase) after desiccation or freezing (see [2, 21] for reviews). Under these conditions, enzymes may form aggregates and lose their catalytic activity, but some LEA proteins can prevent both aggregation and inactivation (see, e.g., [22] [23] [24] [25] [26] ). The protein anti-aggregation activity of LEA proteins is not only evident with single isolated enzymes, but could also be shown for complex mixtures, such as the water-soluble proteomes of human and nematode cells [23] . Owing to their hydrophilic unstructured nature, most LEA proteins do not aggregate during drying, freezing or even boiling, although there are some striking exceptions [12, 26] that may preferentially interact with membranes. Most of the LEA proteins investigated showed no classical chaperone function, i.e. they were not able to prevent heat aggregation and inactivation of heat-sensitive enzymes [2] . For two plant dehydrins, however, prevention of protein aggregation during heat stress has also been shown [25] , whereas the Medicago truncatula protein MtPM25 (LEA SMP family [11] ) was able to dissolve protein aggregates formed during drying or freezing [22] , a property that was also not observed in other LEA proteins. Collectively, these data indicate a wide range of functional properties of LEA proteins in relation to enzyme stabilization that has not yet been linked to any structural features of LEA proteins or their target enzymes.
In addition, Alan Tunnacliffe and co-workers have developed an elegant experimental system to study the antiaggregation activity of LEA proteins in living cells [23, 27] . This is achieved by co-expressing a LEA protein of interest with an aggregation-prone protein containing polyglutamine (polyQ) or polyalanine (polyA) stretches in mammalian cells [23, 27] . PolyQ-or polyA-containing proteins are associated with a number of human neurodegenerative diseases. These studies not only show that LEA proteins are able to reduce aggregate formation in vivo, but also demonstrate this activity in the hydrated state, suggesting that LEA proteins may be functional in a disordered state. However, further experiments will be necessary to determine the structure of LEA proteins in the presence of their target proteins, which may or may not induce partial folding.
A 'molecular shield' mechanism has been proposed to explain the anti-aggregation activity of LEA proteins [24] . In this model, the unstructured LEA proteins exert an excluded volume effect which would sterically interfere with interactions between partially denatured proteins, thereby reducing aggregation [19] . However, more recent studies indicate that additional mechanisms may be required to not only prevent aggregation, but to also prevent loss of activity in target enzymes [27] .
Stabilization of membranes by LEA proteins during drying and freezing
Membrane protection is essential to ensure cell survival during desiccation or freezing. Since LEA proteins contain no transmembrane segments, it is unlikely that they could integrate into membranes as intrinsic proteins. However, some LEA proteins form amphipathic α-helices during drying (see above), which may enable them to interact peripherally with membranes. This has been shown by FTIR (Fourier-transform IR) spectroscopy for both rotifer and plant proteins [12, 13, 26, 28, 29] . In all cases, interactions with lipid headgroups and shifts in lipid-phase transition temperatures were shown that were additionally influenced by the membrane lipid composition. The LEAM protein from pea seed mitochondria also provided increased stability to liposomes during freezing and drying, as indicated by improved retention of a fluorescent dye after thawing or rehydration respectively [29] . Significantly, protection by this mitochondrial protein was highest for membranes containing the mitochondrial lipid cardiolipin (diphosphatidylglycerol), indicating a finely tuned structure-function relationship in this IDP. Additional evidence for the lipid specificity of such interactions was obtained with the cold-induced plant chloroplast LEA proteins COR15A and COR15B, which showed strong evidence for a specific interaction with the chloroplastspecific glycolipid MGDG (monogalactosyldiacylglycerol) in the dry state [13] . Further research will be necessary to see whether this is also true for other LEA proteins and how this adaptation of the proteins to specific cellular membranes is encoded in the amino acid sequences.
For some LEA proteins, binding to membranes in solution has also been shown, particularly for several dehydrins. All dehydrins contain at least one K-segment, a 15-mer lysine-rich sequence with a propensity to fold into an amphipathic α-helix that may facilitate peripheral membrane binding [28, 30] . However, binding of dehydrins to artificial membrane vesicles has often been found to depend critically on the presence of negatively charged lipid headgroups on the membrane surface [25, [31] [32] [33] . Indeed, for the Arabidopsis dehydrin LTI30, it has been shown recently that these electrostatic interactions are mediated by the histidine groups in the protein [31] and that binding leads to massive aggregation of the lipid vesicles. Similar aggregation effects due to electrostatic binding have also been shown for the basic Arabidopsis protein LEA18, which in addition triggers increased leakage of soluble contents from the vesicles [34] . Whether such interactions also occur in vivo and how this may contribute to the dehydration-tolerance of cells remains to be resolved.
A clear membrane-stabilizing function in vivo has to date only been shown for the cold-induced chloroplast LEA protein COR15A from Arabidopsis [35] . In vitro, this protein was able to prevent the formation of the interbilayer hexagonal II phase in membrane dispersions containing the chloroplast non-bilayer lipid MGDG [36] . In this case, however, membrane binding and protein folding in the (partially) hydrated state remain to be shown.
Conclusions
Although it has become clear through several recent studies that most LEA proteins are IDPs that may be folded in the dry state, the hydration-state-dependence of folding and the influence of possible target molecules on their folding remain to be resolved. Likewise, although there is now ample evidence of both membrane and enzyme stabilization by different LEA proteins in vitro and with artificial targets such as liposomes or polyQ proteins, the exact function of LEA proteins during drying, freezing or other environmental stresses is still unclear. Finally, the question of how LEA protein structure (both primary and secondary) is related to specific functions or target molecule preferences still awaits an answer.
